Urban air quality is continuing to deteriorate. If we want to do something about this problem, we need to know the cause of the pollution. The big problem, not only in Europe, is the high concentrations of particulate matter (PM) in the urban environment. The origin of these particles can be different, including combustion, transport, industry, natural resources, etc. Particulate matter includes a large amount of the finest PM fractions, which can remain in the air for a long time, easily enter respiratory tracks, and damage human health. Particulate matter is also produced by the abrasion of different parts of roads and vehicle fleets and from resuspension road dust, which concerns matter with larger aerodynamic diameters. For this reason, we carried out a series of measurements at various measuring stations in Žilina, Slovakia, during different measuring seasons. The main objective was to find out the diversity of particulate matter sources in Žilina. The search for the particulate matter origin was carried out by particulate matter measurements, determination of the particulate matter fraction concentrations (PM 10 , PM 2.5 , and PM 1 ), an investigation on the effect of secondary factors on the particulate matter concentrations, chemical analyses, and multivariate statistical analyses. Varied behavior of the particulate matter with respect to the measurement station and the measurement season was found. Differences in the concentrations of investigated chemical elements contained in the PM were found. Significant changes in the concentrations of particulate matter are caused not only by primary sources (e.g., road traffic in the city of Žilina), but mainly by the negative events (combination of air pollution sources and meteorological conditions). Maximum concentrations of particulate matter PM 10 were measured during the winter season at the measuring station on Komenského Street: PM 10 126.2 µg/m 3 , PM 2.5 97.7 µg/m 3 , and PM 1 90.4 µg/m 3 were obtained using the gravimetric method. The coarse fraction PM 2.5-10 was mainly represented by the chemical elements Mg, Al, Si, Ca, Cr, Fe, and Ba, and the fine fraction PM 2.5 was represented by the chemical elements K, S, Cd, Pb, Ni, and Zn. Road transport as a dominant source of PM 10 was identified from all measurements in the city of Žilina by using the multivariate statistical methods of principal component analysis (PCA) and factor analysis (FA).
Introduction
Particulate matter (PM) air pollution is a persistent problem in an increasingly large area. In particular, cities are affected, where many sources contribute to this pollution. However, do we know which ones? In this study, we performed extensive measurements in Zilina city, Slovakia. They were focused on the sampling of three fractions of particulate matter (PM 10 , PM 2.5 , and PM 1 ) [1] and the chemical analysis of PM to determine the presence of selected metals (Mg, Al, Si, K, Ca, S,
Methodology of Particulate Matter Measurements and Evaluation

Study Area
A proposal for a network for air quality measurements was created in Žilina city, Slovakia. The layout of the measurement sites was chosen based on the idea of covering typical functional urban areas (city center, industry zone, traffic hubs, and living zone) ( Figure 1 ). Measuring points are always a combination of several sources of air pollution.
Air quality measurements were conducted at each measurement station for 7 days at the following intervals:
• Univerzitná Street (uvp), (49 • 12'6.61" N, 18 • 45'14.24" E): 14th-20th November 2017. Measurement place was located in the vicinity of Univerzitná Street and Vel'ký Diel Street, which is where the Univerzity of Žilina (education) is located. The surroundings consist of forest and green places. • Vysokoškolákov Street (vys), (49 • 12'38.20" N, 18 • 45'29.15" E): 9th-15th April 2019. Here, habitation, some shops, and dormitories are located. The measuring station was located in the vicinity of the road, which is an access road to the biggest habitation Vlčince in the city of Žilina.
Atmosphere 2018, 9, of the road. This road, Štrková Street, is very dirty and there is a high level of heavy road traffic (trucks).
• Vysokoškolákov Street (vys), (49°12'38.20" N, 18°45'29.15" E): 9th-15th April 2019. Here, habitation, some shops, and dormitories are located. The measuring station was located in the vicinity of the road, which is an access road to the biggest habitation Vlčince in the city of Žilina. 
Sample Collection
To establish the amount of particulate matter present in the ambient air, a reference method (the gravimetric method) was applied, pursuant to the standards of STN EN 12341 (2016). The sampling was performed using low-volume flow samplers (LECKEL LVS3, Low-Volume Samplers, company Sven Leckel Ingenieurbüro GmbH). In total, three pieces were used. Three fractions of particulate matter were monitored concurrently, specifically PM10, PM2.5, and PM1. The particulate matter was 
To establish the amount of particulate matter present in the ambient air, a reference method (the gravimetric method) was applied, pursuant to the standards of STN EN 12341 (2016). The sampling was performed using low-volume flow samplers (LECKEL LVS3, Low-Volume Samplers, company Sven Leckel Ingenieurbüro GmbH). In total, three pieces were used. Three fractions of particulate matter were monitored concurrently, specifically PM 10 , PM 2.5 , and PM 1 . The particulate matter was sampled on the filters for 24 h (10 a.m.-10 a.m. the next day). Finally, using this method, we obtained seven 24-h concentrations for each PM fraction at each measurement station (in sum, 126 exposed filters). Particulate matter was collected on nitrocellulose filters with a diameter of 47 mm at a fixed airflow rate of 2.3 #Nm 3 /h (normal cubic meters per hour) under standard conditions of 101.325 kPa and 0 • C, and the mass of particulate matter collected on the filters was then determined. The coarse fraction PM 2.5-10 was determined as the difference between fractions PM 10 and PM 2.5 . All contamination filters (samples of particulate matter) were used for elemental chemical analysis.
An optical method for determining the hourly particulate matter concentration (PM 10 , PM 2.5 , and PM 1 ) was also used. The Fidas ® 200 fine dust aerosol spectrometer for simultaneous measurement from the company Palas ® was used. The actual aerosol sensor is an optical aerosol spectrometer that determines the particle size using the Lorenz-Mie scattered light analysis of single particles. The single particles move through an optically differentiated measurement volume that is homogeneously illuminated with white light. Each particle generates a scattered light impulse that is detected at an angle of 85 • to 95 • . The particle number is measured based on the number of scattered light impulses. The level of the scattered light impulse is a measure of the particle size diameter. In total, 168 hourly concentrations were obtained for each fraction of particulate matter at each measurement station (3024 total concentrations).
Meteorological parameters (temperature (temp), wind speed (ws), and wind direction (wd)) were also recorded during monitoring. Hourly meteorological parameters were used for further analysis. The WindSonic TM ultrasonic anemometer from the company Gill Instruments Limited was used for wind speed and direction measurement. The WindSonic measures the times taken for an ultrasonic pulse of sound to travel from the north transducer to the south transducer and compares it with the time taken for a pulse to travel from the S to N transducer. Likewise, times are compared between the west and east and the E and W transducer. The WS300-UMB smart weather sensor from the company G. Lufft Mess-und Regeltechnik GmbH was used for temperature measurement. Using this instrument, temperature is measured by way of a highly accurate negative temperature coefficient (NTC) resistor.
Sample Chemical Analysis
The particulate matter contains various elements and compounds. In the next phase of the research, we concentrated on the measurement of the selected metals found in the fractions PM 10 , PM 2.5 , and PM 1 . We focused on monitoring 15 metals which we selected based on the assumption and probabilities of their originality (source) (Mg, Al, Si, K, Ca, S, Cr, Cu, Fe, Cd, Sb, Ba, Pb, Ni, and Zn). Each of these metals come from a specific source [2, [4] [5] [6] [7] [8] [9] [10] .
To identify and determine the amounts of chemical elements (metals) in the samples of particulate matter, spectroscopic methods were utilized (inductively coupled plasma mass spectrometry-ICP-MS). The analyses of the 126 filters (42 filters for each PM fraction) and the determination of metals present in the fractions PM 10 , PM 2.5 , and PM 1 were performed pursuant to the standard STN EN 14902 (2006) .
Particulate matter was captured on cellulose nitrate (CN) membrane filters for element determination. The filters were digested in Teflon vessels with nitric acid (HNO 3 ) at a temperature of 230 • C using a high-temperature and high-pressure microwave digestion system SW-4 (Berghof, Germany). Samples were transferred and appropriately diluted before element determinations on a triple quadrupole ICPMS (Agilent 8800 Triple Quadrupole ICP-MS, Japan). The tests were carried out in the laboratory of the Transport Research Centre in Brno, Czech Republic.
Used Statistical Methods
The relationship between fine fraction PM 2.5 and total fraction PM 10 was evaluated using multilayer regression analysis (MRA), as well as the relationship between the course fraction PM 2.5-10 and the total fraction PM 10 using statistical software "R".
MRA relates to a group of techniques serving the purpose of linear dependency analysis between the two or multiple variables. It specifies estimates of β parameters in a regressive model:
where x i,1 , x i,2 , . . . , x i,m are independent variables (PM 10 ) and y i is to be viewed as a dependent variable (PM 2.5 or PM 2.5-10 ). The index of I defines the serial number of monitoring and β 1 , β 2 , . . . , β m are to be understood as regression parameters and b 1 , b 2 , . . . , b m their estimates. An absolute member of β 0 is an intersection of regression hyperplane with the y axis. The estimates of b 1 , b 2 , . . . , b m are to be understood as the directions of the regression hyperplane from the direction of x j and are called partial regression parameters (eventually partial regression coefficients for the standardized variables). Multivariate statistical analyses using PCA and FA were used for identification of particulate matter PM 10 sources using statistical software "Statistica".
The primary goal of PCA is the transformation of the original characters of x j , j = 1, ..., m, (metals) into a smaller number of latent variables y j . These latent variables possess more appropriate and comprehensive properties: their presence is less significant, they capture and represent almost the entire variability of the original characteristics and properties, and they are mutually uncorrelated.
For the first PC, the following relation prevails:
where x j former character, input variable, j = 1, ..., m; v 1j coefficients of eigenvectors. The basic principle of FA lies in the fact that each of the monitored values X j (j = 1, . . . , p) (metals) may be expressed as a sum of a linear combination of a lesser amount m of non-observed (hypothetical) random values F 1 , ..., F m -so called common factors-and the further source of variability E j (j = 1, . . . , p)-so called specific (residual) elements. Let us suppose that the following model prevails:
where λ jk factor loadings of the k common factor relevant to the j variable and of k; factor, k = 1,..., m, F k the k-th common factor, E j is a random deviation of the exact model, relevant to the k-th value, j = 1, ..., p.
The factor loadings associated with variables may be explained as the correlations between the factors and the variables. They represent the most important unit of information that the interpretation of the factors is based on.
The combination of these two methods achieves the minimum number of latent variables with a maximum original information data (PCA) and then uses the minimum number of latent variables (factors) for FA and puts into them the original characters (metals).
Results
Particulate Matter Concentration and Mass Distribution
Air pollution measurements in Žilina were focused on the measurement of particulate matter of various fractions: PM 10 , PM 2.5 , and PM 1 . Optical method measurement data were used for an evaluation of the particulate matter concentrations and mass distribution.
Values of temperature were plotted two times higher (temp*2) and values of wind speed were plotted 20 times higher (ws*20) ( Figure 2 ). From the measured data, we can observe the negative influence of temperature (lower temperatures-higher concentrations of PM) and the positive influence of wind speed (higher wind speed-lower concentrations of PM) on the concentrations of particulate matter ( Figure 2 ). A significant wind velocity was recorded at the monitoring station located at A. Hlinka Square (1.7 ± 0.5 m/s on average) and Košická Street (1. The highest concentrations of PM were measured at the monitoring station on Komenského Street. The average PM10 concentration for the whole measurement period was 86.0 ± 122.0 µg/m 3 , PM2.5 was 66.9 ± 94.6 µg/m 3 , and PM1 was 62.2 ± 88.9 µg/m 3 . Higher concentrations of particulate matter were caused by the combination of such a significant source as road transport and low temperatures, while measurements were realized during the winter season (air pollution sourcehousehold heating). The average PM10 concentration at A. Hlinka Square was 26.6 ± 6.7 µg/m 3 , PM2.5 was 23.8 ± 6.0 µg/m 3 , and PM1 was 22.7 ± 5.8 µg/m 3 . During these measurements, a low air temperature was recorded, but a higher wind speed was noted. The average particulate matter concentration PM10 for the whole measurement at the monitoring station on Košická Street was 27.3 ± 11.4 µg/m 3 , PM2.5 was 12.9 ± 7.1 µg/m 3 , and PM1 was 9.6 ± 6.5 µg/m 3 (Figure 2 ). During the measurements, a higher temperature and a higher wind speed were recorded. The average PM10 concentration at Univerzitná Street was 27.9 ± 19.2 µg/m 3 , PM2.5 was 23.3 ± 15.9 µg/m 3 , and PM1 was 21.7 ± 15.1 µg/m 3 . The average PM10 concentration at Štrková Street was 22.9 ± 12.0 µg/m 3 , PM2.5 was 11.0 ± 3.4 µg/m 3 , and PM1 was 8.1 ± 2.7 µg/m 3 . The average PM10 concentration at Vysokoškolákov Street was 34.2 ± 12.4 µg/m 3 , PM2.5 was 25.2 ± 10.8 µg/m 3 , and PM1 was 23.7 ± 10.3 µg/m 3 (Figure 2 ).
The mass distribution of particulate matter also differed at the measuring stations. From the total measured fraction PM10, the course fraction PM2.5-10 concentration was calculated as the difference The highest concentrations of PM were measured at the monitoring station on Komenského Street. The average PM 10 concentration for the whole measurement period was 86.0 ± 122.0 µg/m 3 , PM 2.5 was 66.9 ± 94.6 µg/m 3 , and PM 1 was 62.2 ± 88.9 µg/m 3 . Higher concentrations of particulate matter were caused by the combination of such a significant source as road transport and low temperatures, while measurements were realized during the winter season (air pollution source-household heating). The average PM 10 concentration at A. Hlinka Square was 26.6 ± 6.7 µg/m 3 , PM 2.5 was 23.8 ± 6.0 µg/m 3 , and PM 1 was 22.7 ± 5.8 µg/m 3 . During these measurements, a low air temperature was recorded, but a higher wind speed was noted. The average particulate matter concentration PM 10 for the whole measurement at the monitoring station on Košická Street was 27.3 ± 11.4 µg/m 3 , PM 2.5 was 12.9 ± 7.1 µg/m 3 , and PM 1 was 9.6 ± 6.5 µg/m 3 (Figure 2 ). During the measurements, a higher temperature and a higher wind speed were recorded. The average PM 10 (Figure 2) .
The mass distribution of particulate matter also differed at the measuring stations. From the total measured fraction PM 10 , the course fraction PM 2.5-10 concentration was calculated as the difference between the PM 10 and PM 2.5 concentration [1] . The course fraction PM 2.5-10 was most represented at Košická Street and at Štrková Street, representing 54% and 52% of the total fraction of PM 10 , respectively. This is due to intense road traffic and a higher wind speed, where road dust resuspension occurs, especially through freight traffic. At Komenského Street, the course fraction PM 2.5-10 was 23% of the total PM 10 fraction, whilst it was only 12% at A. Hlinka Square and 16% at Univerzitná Street. The high proportion of the fine fraction of PM 2.5 at these three monitoring stations is mainly due to the low temperature and low wind speed at Komenského Street and Univerzitná Street. Under these conditions, secondary particle formation can occur, particularly a fine fraction, where gaseous pollutants condense to aerosol [16] .
The hourly data were measured using an optical method: the particulate matter concentrations, the wind speed, and the wind direction, were used to obtain the concentration rises by statistical software "R" and open-source tool "Openair" (Figures 3-5 ). Pollution rose is a variant of wind rose, which is useful for considering pollutant concentrations by wind direction (hourly concentrations-counts) or, more specifically, the percentage of time the concentration is in a particular range.
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The dominance of the coarse PM 2.5-10 fraction in the total PM 10 fraction was shown to be increasing. This can also be seen on polar graphs made for PM 10 , PM 2.5 , and PM 2.5-10 fractions for two measurement stations. The measuring station on Košická Street exhibited measurements with higher temperatures and a higher proportion of course fraction PM 2.5-10 . The measuring station on Komenského Street displayed measurements with low temperatures and a higher proportion of fine fraction PM 2.5 . We can observe higher concentrations of PM 10 and PM 2.5-10 near the measuring station on Košická Street. The higher concentrations are related to a wind speed <4 m/s (from the road in direction W-E) and a wind speed >4 m/s (from the crossroad with the SW position). PM 10 is primarily supported by the PM 2.5-10 coarse fraction at this measuring station ( Figure 6 ). There are high concentrations of PM 10 and PM 2.5 from the area of the road (direction N-S) and crossroad (position NE) at the measuring station on Komenského Street. However, they are highly supported by the fine fraction PM 2.5 and are associated with a low wind speed <2 m/s (Figure 7 ).
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The fine fraction PM 2.5 is dominant at low temperatures (from −14.5 to −2.43 • C), and we can describe up to 95% of the original data using the model. The relationship between fine fraction PM2.5 and total fraction PM10 was evaluated from all measured data (all measurement stations), as well as the relationship between the course fraction The relationship between fine fraction PM2.5 and total fraction PM10 was evaluated from all measured data (all measurement stations), as well as the relationship between the course fraction The relationship between the coarse PM 2.5-10 fraction and the total PM 10 fraction is most significant at higher temperatures (Figure 9 ). The PM 2.5-10 coarse fraction plays a larger role during higher temperature periods. The model can describe up to 92% of the original data variance, which corresponds to the temperature range from 14.7 to 26.5 • C.
Metal Concentrations in Particulate Matter
Concentrations of chemical elements (metals) in PM fractions (PM 10 , PM 2.5 , and PM 1 ) were determined by ICP-MS. A number of metals are well-represented in the coarse fraction PM 2.5-10 (>60%), namely Mg, Al, Si, Ca, Cr, Cu, Fe, and Ba (Table 1) . Metals well represented in the fine fraction PM 2.5 (>60%) include K, S, Cd, Pb, Ni, and Zn ( Table 2) . Table 1 . Average concentration of elements in the particulate matter (PM) fraction (PM 2.5 and PM 2.5-10 ) at different measuring stations, with more than 60% in the PM 2.5-10. Elements with a higher proportion in the PM 2.5-10 fraction may come mainly from mechanical abrasion and resuspension. Elements with a higher proportion in the PM 2.5 fraction may originate more from combustion processes or abrasion in the presence of high temperatures [7] . Table 2 . Average concentration of elements in the particulate matter (PM) fraction (PM 2.5 and PM 2.5-10 ) at different measuring stations, with more than 60% in the PM 2.5. 
MS * PM Average Concentration ± Standard Deviation [ng/m 3 ] of the Element in the PM Fraction
MS * PM Average Concentration ± Standard Deviation [ng/m 3 ] of the Element in the PM
Identification of Particulate Matter PM 10 Sources
Multivariate statistical analyses using PCA and FA were used for statistical assessment [21] [22] [23] [24] [25] [26] . The input data for the purposes of the identification of possible PM 10 sources consisted of the concentrations of particular chemical elements, specifically metals (ng/m 3 ). The data matrix consisted of 16 variables (metals) and seven objects (measurements) for each measuring station, and 16 variables and 42 objects for all measuring stations (Žilina city). Multivariate statistical analyses and source identification were processed for the PM 10 .
Each factor consists of several elements (characters). As the most decisive factor loads, the values close to or greater than 0.7 were selected (red values) ( Table 3 ). Based on the representation of elements in particular factors (significant factor loads represented by red values), the following factors may be named, as designated in Table 4 .
The process of interpretation (named) of each factor is very difficult. This is mainly because different sources of PM are mixed in the atmosphere and chemical elements can come from various sources. Interpretations of factors as sources of PM 10 are therefore mainly based on the assessment area and the potential of some sources in this area. The name of each factor was also confronted with the possibility of the contribution of sources during the year. It also took into account the variability of concentrations of chemical elements in different fractions of PM. The first factor is the most important and most closely reflects the origin of the particulate matter PM 10 at a given monitoring station. The factor with the greatest influence on the particle concentration is listed in the following table (Table 4 ).
The genesis of particulate matter PM 10 from identified sources in the city of Žilina is shown in the following figure (Figure 10 ). In the summer season, road traffic is the dominant source of particulate matter air pollution. In the winter, combustion is added to the road traffic source, which significantly contributes to deteriorating urban living conditions. The genesis of particulate matter PM10 from identified sources in the city of Žilina is shown in the following figure (Figure 10 ). In the summer season, road traffic is the dominant source of particulate matter air pollution. In the winter, combustion is added to the road traffic source, which significantly contributes to deteriorating urban living conditions. 
Conclusions
The air quality measurements in Žilina City were realized at six measuring stations, including those located at Univerzitná Street, A. Hlinka Square, Komenského Street, Košická Street, Štrková Street, and Vysokoškolákov Street, which helped us to understand the behavior of the urban aerosol. Some measurements and measuring stations have a similar character, from the point of view of a dominant source of pollution, measured concentrations of particulate matter, or meteorological parameters. In the first group, we can include the monitoring stations at Univerzitná Street, A. Hlinka 
The air quality measurements in Žilina City were realized at six measuring stations, including those located at Univerzitná Street, A. Hlinka Square, Komenského Street, Košická Street, Štrková Street, and Vysokoškolákov Street, which helped us to understand the behavior of the urban aerosol. Some measurements and measuring stations have a similar character, from the point of view of a dominant source of pollution, measured concentrations of particulate matter, or meteorological parameters. In the first group, we can include the monitoring stations at Univerzitná Street, A. Hlinka Square, and Komenského Street. During the measurement at these measuring stations, the following was observed: a low air temperature (Komenského Street and A. Hlinka Square) and a low wind speed (Univerzitná Street and Komenského Street). We observed a higher PM 2.5 (fine fraction) proportion in the total measured PM 10 fraction at these measuring stations. The second group consists of measurements at measuring stations located at Košická Street and Štrková Street. During measurements at these measuring stations, the following was observed: a higher air temperature and a higher wind speed. The proportion of PM 2.5-10 (course fraction) in the total PM 10 fraction was higher at these measurement stations. The concentrations of PM 2.5 were higher during the measurements with lower air temperatures, and the concentrations of PM 2.5-10 were higher during the measurements with higher air temperatures. Higher concentrations of particulate matter flowed mostly from the roadside. The representation of individual investigated chemical elements in particulate matter is different. One group of chemical elements binds to the fine fraction PM 2.5 (K, S, Cd, Pb, Ni, and Zn) and the other to the coarse fraction PM 2.5-10 (Mg, Al, Si, Ca, Cr, Cu, Fe, and Ba). Using factor analysis, the element concentration data in the total PM 10 fraction were evaluated and a model of sources for individual measuring stations was created. The sources have been named by combining all analyses (particulate matter mass distribution, behavior, and their chemical composition). The result is a picture of the diversity of particulate matter sources in the city of Žilina, but above all, knowledge of the dominant source of particulate matter-road transport. As an important marker of road transport, the chemical element barium (Ba) was reflected. Additionally, sulfur (S) was identified as a marker of local (central) heating. Road dust resuspension contributes to significantly increased PM 10 concentrations in Žilina city, Slovakia. In future work, we would like to pay attention to the road dust. We want to focus on chemical analyses of road dust and its interconnection with particulate matter in the air. 
